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In previous studies, we have shown that dorsoventral (DV) interaction evokes not only blastema formation, but also
morphogenetic events similar to those that occur in regeneration. However, it is still unclear what kinds of signal molecules
are involved in the DV interaction. To investigate the signal systems involved in the DV interaction, we focused on a
noggin-like gene (Djnlg) identified by the planarian EST project. Djnlg is the first noggin homologue isolated from an
invertebrate. In DjNLG, the positions of nine cysteine residues which may be essential for dimer formation were well
conserved, but overall, the amino acid sequence of DjNLG did not show high similarity to the sequences of vertebrate
Noggins. Expression of Djnlg was observed only in the proximal region of the branch structures in the brain of intact
planarians, suggesting that Djnlg may have a role in pattern formation in the brain. Interestingly, transient strong
expression of Djnlg was observed in the amputated region of regenerating planarians. Djnlg-expressing cells were detected
beneath the muscle 9 h after amputation and were then detected in the ventral subepidermal region of the blastema. The
induction of Djnlg expression by amputation was not affected by X-ray irradiation, even though the stem cells were
completely eliminated, implying the existence of signal-producing cells which may provide a positional cue to the stem
cells. In DV reversed grafting, expression of Djnlg was strongly induced in the DV boundary between the host and donor.
These results suggest that ectopic DV interaction may induce expression of Djnlg in the positional cue-producing cells, and
that it might be involved in stimulation of blastema formation as well as DV patterning of the body. © 2002 Elsevier
Science (USA)
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Planarians have strong regenerative capacity. Even a tiny
fragment cut from any part of the body can regenerate the
entire body of a planarian with the same anterioposterior
(AP) and dorsoventral (DV) body patterning (Agata and
Watanabe, 1999). Based on electron microscopy and X-ray
irradiation experiments, it has been suggested that only
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All rights reserved.neoblasts (planarian stem cells) can proliferate and differen-
tiate into all adult cell types during regeneration (Bagun˜a` et
al., 1989). Thus, the proliferation/differentiation of neo-
blasts has to be appropriately regulated in response to the
signal systems of AP and DV body patterning. Grafting
experiments using X-ray-irradiated planarians have sug-
gested that the differentiated cells may provide such posi-
tional cues to the neoblasts (Salo´ and Bagun˜a`, 1985; Kato et
al., 2001). In most animals, HOM/HOX genes are involved
in the signaling systems of AP body patterning (Duboule,
1994). Three planarian HOM/HOX homeobox genes,
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DjPlox3/DjPlox5 and DjAbd Ba, are expressed only in the
posterior region of regenerating animals (Orii et al., 1999;
Nogi and Watanabe, 2001). Although HOM/HOX ho-
meobox genes may be essential for the AP patterning, the
roles of DjPlox3/DjPlox5 and DjAbd Ba genes are still
unclear. For DV body patterning, the BMP signal pathway,
including its antagonists, has proved to be essential in
various animals (Thomsen, 1997). The planarian bone mor-
phogenetic protein (BMP) homologue (DjBMP) is specifi-
cally expressed in the dorsal region (Orii et al., 1998),
although its function has not yet been determined. In this
study, we aimed to further elucidate the signal systems
involved in DV patterning during planarian regeneration,
including the BMP signaling pathway.
Patterning of the vertebrate body axis is dependent on
signals produced by a discrete organizing center. The best
known example is the Spemann organizer of the amphibian
embryo, which is capable of inducing the formation of a
twinned embryo when transplanted to the ventral side of a
host embryo (Spemann and Mangold, 1924). Organizer
signaling is implicated in dorsalization of both mesodermal
and ectodermal derivatives. Dorsalization of the mesoderm
leads to formation of the notochord and somites, whereas
the dorsalized ectoderm forms neural tissue (Kessler and
Melton, 1994; DeRobertis and Sasai, 1996; Harland and
Gerhart, 1997). Recently, the first insights of molecular
mechanisms through which the organizer affects the DV
patterning of the embryo have been achieved. According to
current models, ventrally expressed BMP actively specifies
ventral embryonic territories, and its effects are antago-
nized dorsally by several factors secreted from the orga-
nizer, namely Noggin, Chordin, and Follistatin (Thomsen,
1997). Although none of these antagonists share identifiable
sequence similarity, they equally antagonize BMP signaling
by directly binding BMP proteins (Zimmerman et al., 1996;
Piccolo et al., 1996; Iemura et al., 1998).
noggin was initially isolated in the course of expression
screening in Xenopus (Smith and Harland, 1992). The
expression of noggin is first detected in the dorsal marginal
zone that becomes the organizer. In vitro experiments
indicate that Noggin protein mimics two of the main
functions of the organizer. Application of noggin to the
ventral marginal zone gastrula leads to the formation of
dorsal mesodermal derivatives, such as skeletal muscles
(Smith et al., 1993). Furthermore, exposure of gastrula-stage
animal caps to Noggin induces anterior neural tissue in the
absence of dorsal mesoderm (Lamb et al., 1993). In ze-
brafish, Noggin also has an essential role in specifying the
dorsal cell fate, similar to that of Xenopus Noggin (Bauer et
al., 1998; Fu¨rthauer et al., 1999).
The molecular mechanisms underlying the DV regional-
ization of the embryo appear to be conserved between
Xenopus and Drosophila (Holley et al., 1995a). In Xenopus,
the chordin gene is expressed dorsally and antagonizes the
ventralizing activity of BMP4. In Drosophila, Chordin ho-
mologue short gastrulation (sog) is present in the ventral
region of the embryo and antagonizes the dorsalizing activ-
ity of the BMP2/4 homologue, decapentaplegic (dpp). Over-
expression of Xenopus Noggin ventralizes the Drosophila
embryo (Holley et al., 1995b). However, noggin genes have
not been isolated from any invertebrates, including Dro-
sophila. noggin homologues have been isolated from
chicken and mice, but functional evidence for their involve-
ment in the early DV regionalization of the embryo is still
lacking (Connolly et al., 1997; McMahon et al., 1998).
Thus, it is not clear whether the developmental role of
noggin in DV patterning has been evolutionarily conserved.
Here, we report the identification of a noggin-like gene
(Djnlg), the first noggin homologue identified in inverte-
brates, from the planarian’s genome. In intact planarians,
Djnlg is expressed in the brain. Interestingly, at early stages
of regeneration, Djnlg is expressed exclusively in differen-
tiated cells close to the blastema. Moreover, grafting experi-
ments showed that Djnlg is upregulated in the ectopic DV
boundary. These results suggest that Djnlg is involved in
DV patterning during regeneration, which may be analo-
gous to embryonic patterning, and thus may be evolution-
arily conserved.
MATERIALS AND METHODS
Organisms
Asexual-state planarians Dugesia japonica (GI), derived from the
Irima river in Gifu, Japan, which were established earlier in our
laboratory, were analyzed. All worms used in the experiments had
undergone 1 week of starvation.
Screening of Djnlg cDNA
The longest cDNA of Djnlg was obtained by the stepwise
dilution method as described by Watanabe et al. (1997) from a
cDNA library constructed from poly(A) RNA of planarian head in
ZAPII vector (Stratagene). The sense primer AATACACCAT-
CAAAGATTTACGAACCG and anti-sense primer TGGACGA-
CAATTCATTCCTGGTGGCC (each is written in the 5 to 3
orientation), which correspond to the sequence of Djnlg, were
used for PCR screening of a cDNA library. The positive cDNA
clone with the longest insert was recloned into pBluescript accord-
ing to the manufacturer’s protocol (Stratagene) and was sequenced
by using a Thermo Sequence cycle sequencing kit (Amersham
Biosciences) and an automatic DNA sequencer DSQ 1000L
(Shimazu).
Cloning of the Djnlg Coding Sequence by 5RACE
As the screening of the cDNA library yielded a partial Djnlg
clone, the 5 extremity of the open reading frame was isolated by
the RACE–PCR method (Innis et al., 1990). For 5 RACE, regener-
ating planarian cDNA was G-tailed by using terminal deoxynucleo-
tidyl transferase (Invitrogen). A first PCR of 30 cycles of (1 min at
94°C, 1 min at 55°C, 3 min at 72°C) was performed by using (dC)17
as the forward primer and TGGACGACAATTCATCCCTGGTG-
GCC as the reverse primer (each is written in the 5 to 3
orientation), which corresponds to the sequence of Djnlg. Two
microliters of the PCR product were used then as the template for
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the second amplification of 40 cycles (1 min at 94°C, 1 min at 55°C,
3 min at 72°C) by using forward primer (dC)17 and nested reverse
primer TTTTCTCCTGGAACATGAGGATCAGG (each is writ-
ten in the 5 to 3 orientation), which corresponds to the sequence
of Djnlg. Both products were cloned into TA vector pGM-T Easy
(Promega) and sequenced.
FIG. 1. (A) Nucleotide and deduced amino acid sequence of Djnlg. The shaded box at the N terminus indicates the predicted signal
peptide. Conserved Cys residues are circled. The full-length cDNA sequence of Djnlg has been deposited in DDBJ/EMBL/GenBank
databases with the Accession No. AB076181. (B) Alignment of amino acid sequences of Noggin proteins isolated from planarian (D.j),
zebrafish, Xenopus, chicken, mouse, and humans. Shaded residues represent conserved amino acids, and dots indicate gaps introduced to
optimize the alignment. The black box indicates the conserved Cys residues.
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Northern Blot Hybridization
Total RNA (5 g) of regenerating planarian was glyoxylated,
separated on 1% agarose gel, and blotted on Hybond N membrane
(Amersham Biosciences). The membrane was prehybridized in 6
SSC, 5 Denhardt’s solution, 1% SDS, 100 g/ml salmon testes
DNA at 65°C for 1 h, and hybridized in the same solution with
probe. Djnlg full-length cDNA was labeled by using BcaBest
random primed labeling kit (Takara) with [32P]dCTP (Amersham
Biosciences; 3000 Ci/mmol) and used as the hybridization probe.
The membrane was washed twice in 2 SSC, 0.1% SDS at 65°C for
1 h, and analyzed with a BAS 2000 image analyzer (Fuji Film).
FIG. 2. Expression of Djnlg in intact planarians. (A) Djnlg is expressed in branch structures of the cephalic ganglion. (B) Higher
magnification reveals that each branch contains a few Djnlg-expressing cells in the proximal region. No other positive cells are detected
outside the brain in intact planarians. (C) The schematic drawing shows the planarian brain (yellow). Djnlg-positive cells are indicated in
red. (D) A transverse section of the head. (E) A higher magnification of the box in (D). Djnlg is expressed in the cells surrounding the axon
bundle in the branch structure (circled). Stars show the axon bundle. e, eye. Scale bar, 500 m.
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In Situ Hybridization
Digoxigenin-labeled RNA probe was prepared according to the
manufacturer’s protocol (Roche) by using the Djnlg full-length
cDNA as the template. Whole-mount in situ hybridization was
performed as described by Umesono et al. (1999). In situ hybrid-
ization on histological sections was performed as described by
Kobayashi et al. (1998). Planarians were fixed in relaxant solution
(1% HNO3, 2.25% formalin, 50 M MgSO4 in modified Holtfreter
solution). Fixed samples were embedded in paraffin and serially
sectioned at 4 m.
Real-Time RT-PCR
Fifty planarians were cut transversely at the just postpharyngeal
region and allowed to regenerate for each time point (0, 1, 2, 3, 5, 7,
and 9 h). Posterior stump regions were collected from each head
piece, and total RNAs were extracted by using Trizol (Invitrogen).
First-strand cDNA was synthesized by using the First-Strand
cDNA Synthesis Kit (Amersham Biosciences) with oligo(dT) prim-
ers. For amplification of Djnlg and DjEF1, PCR primers used were
TGGTTACTCTCCAGTCTTAGA and CAGCTTTCTT AGT-
TACCTCCTT for DjEF1, and ACGAATAAAGTAATTCGAC-
CGAAACG and TTGGTTTCCATTGACAAAGATAACCG for
Djnlg (each is written in the 5 to 3 orientation). Primers were
tested by using conventional PCR and shown to amplify a single
band. Real-time PCR, which quantifies the amount of product after
each cycle, was carried out on each cDNA sample by using i-cycler
(Bio-Rad). Each reaction contained 2 l of cDNA (1:1000 dilutions),
15 l of 2 SYBR Green Master Mix (ABI), and primers at a final
concentration of 0.1 M. The fluorescence level (a quantification of
product) was measured after each cycle, allowing the detection of
the log phase of amplification. i-cycler software was used to define
the cycle in which each sample attained the threshold value of
fluorescence. The average DjEF1 threshold cycle value was very
consistent among preparations. To account for small variations
among preparations, Djnlg threshold cycle value was compared
with the corresponding DjEF1 threshold cycle value for each
sample. Furthermore, the level of Djnlg transcript was compared
with the baseline level at time zero to indicate the degree of Djnlg
induction. The equation used to calculate the relative amount of
Djnlg induction was:
relative induction 
2(NX  EX)
2(N0  E0)
, [1]
where NX is the Djnlg threshold cycle value at time X, EX is DjEF1
threshold cycle value at time X, N0 is the Djnlg threshold cycle
value at time 0, and E0 is DjEF1 threshold cycle value at time 0.
According to this equation, the Djnlg induction level at time 0 was
set to a value of 1.
FIG. 3. Expression of Djnlg during regeneration, visualized by whole-mount in situ hybridization. The illustration on the left shows the
positions of cutting (red lines) in the intact planarian. (Upper panel) Expression patterns of Djnlg during the process of tail regeneration from
head pieces. (Lower panel) Expression patterns of Djnlg during the process of head regeneration from tail pieces. At 1 day of regeneration,
the expression of Djnlg is induced in the tips of both the head and tail blastemas. Two days after cutting, however, the expression of Djnlg
within the blastema completely disappears, except in the regenerating brain. Three days after cutting, the number of Djnlg-expressing cells
in the regenerating brain decreases. Seven days after amputation, the regeneration process is almost complete, and the expression pattern
of Djnlg returns to the original one. Scale bar, 500 m.
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X-Ray Irradiation
Worms placed on wet filter paper on ice were irradiated with 12
R of X rays by using an X-ray generator (SOFTEX B-4). Under these
conditions, irradiated worms cannot regenerate after amputation,
and they die within 20 days (Kato et al., 2001; Ito et al., 2001).
Seven days after irradiation, samples were cut transversely at the
postpharyngeal region, allowed to regenerate for 1 day at about
22°C, and fixed for in situ hybridization.
Immunohistochemical Staining
After in situ hybridization on histological sections was per-
formed, the sections were blocked in PBS containing 0.1% Triton
X-100 and 10% goat serum for 30 min. The mouse anti-planarian
synaptotagmin (DjSYT; neuronal marker; Tazaki et al., 1999) and
rabbit anti-planarian myosin heavy chain-A (MHC-A; muscular
marker; Ito et al., 2001) and mouse anti-planarian intermediate
filament (IFb; marginal marker of the body, Tazaki et al., unpub-
lished observations) were used at 1:1000 dilution, and the signals
were detected by using Alexa488-conjugated goat anti-mouse
IgG(H  L) and Alexa594-conjugated goat anti-rabbit IgG(H  L)
(each diluted 1:500; Molecular Probes).
Microsurgery
Microsurgery was performed on intact planarians treated with
0.2% Chloretone on ice. A small piece of the tail region of the
planarian body was sucked out by using a Pasteur pipette and
grafted into the original position in the DV reversed orientation
(Kato et al., 1999). As control experiments, the pieces were grafted
to the original position in the original orientation. On days 1, 2, 3,
4, and 5 after microsurgery, the samples were fixed for whole-
mount in situ hybridization.
Synthesis of dsRNA
Double-strand RNA (dsRNA) was basically synthesized as pre-
viously described (Sa´nchez Alvarado and Newmark, 1999). pBlue-
scriptII SK containing the appropriate cDNA inserts was linear-
ized for in vitro transcription. The 818-bp clone Djnlg (nucleic acid
sequence position 76-893; Fig. 1) was digested with BamHI or XhoI
to synthesize antisense (T7) or sense (T3) RNAs, respectively. The
RNAs were denatured for 20 min at 65°C and annealed for 40 min
at 37°C. After ethanol precipitation, dsRNA was resuspended in
DEPC-treated H2O. Electrophoretical mobilities of dsRNA and
ssRNA were assessed in 1.5% agarose gels.
Microinjection and Amputation
Intact planarians were injected with dsRNA three times (32
nl/injection) for three consecutive days by using a Drummond
Scientific Nanoject Injector (Broomall). Control animals were in-
jected with H2O. Two to three hours after the last injections,
animals were amputated at different levels along the AP axis. Three
kinds of regenerating fragments were obtained after amputation:
head fragments capable of regenerating new central and tail re-
gions; trunk fragments able to regenerate new head and tail regions;
and tail fragments capable of regenerating new head and central
regions. During regeneration, the samples were maintained at
21°C. Three and seven days after injection, the samples were fixed
for immunohistochemical staining.
RESULTS
Cloning of Planarian noggin-Like Gene
From our EST project (Mineta et al., unpublished obser-
vations), we found that the clone HH3592 encoded a protein
homologous to vertebrate Noggin. This clone contained an
insert of 1075 bp with an open reading frame (ORF) encod-
ing a putative polypeptide of 253 amino acids that showed
high similarity to Noggin of other animals. Thus, we
termed this gene Djnlg (Dugesia japonica noggin-like gene).
To obtain a full-length cDNA clone of Djnlg, we performed
stepwise dilution screening of a head cDNA library and 5
RACE–PCR. The complete Djnlg gene encoded 271 amino
acids, including 9 cysteine residues (Fig. 1A). Northern
hybridization showed a 1.2-kb single band, suggesting that
there is no evidence of alternatively spliced forms from this
gene (data not shown).
The alignment and comparison of DjNLG and vertebrate
Noggin revealed that, whereas the vertebrate genes are
highly conserved, DjNLG appears to be a more divergent
member of the family, displaying a similarity of about 20%
with the vertebrates genes (Fig. 1B). However, DjNLG
contains nine well-conserved cysteine residues in the
C-terminal region. As Noggin has been shown to exist as a
homodimer under nonreducing conditions (Smith et al.,
1993), disulfide bond formation between cysteine residues
may be involved in dimer formation. Djnlg is the first
noggin homologue isolated from an invertebrate.
Expression of Djnlg in Intact and Regenerating
Planarians
To investigate the expression pattern of Djnlg in intact
planarians, we performed whole-mount and section in situ
hybridization. Expression of Djnlg was observed in branch
structures of the brain (Figs. 2A and 2D). Higher magnifi-
cation views revealed that each branch contains a few
Djnlg-expressing cells in the proximal region (Figs. 2B–2D).
No other positive cells were detected outside the brain in
intact animals (Fig. 2A). Next, we examined the temporal
expression patterns of Djnlg in regenerating planarians.
Interestingly, at 1 day of regeneration, the expression of
Djnlg was rapidly induced in the stump of the amputated
region (Fig. 3). Two days after cutting, however, the expres-
sion of Djnlg in the stump of the amputated region com-
pletely disappeared, except in the regenerating brain. Seven
days after amputation, the regeneration process was almost
complete, and the expression pattern of Djnlg returned to
the original one in both the head and tail regenerates. To
investigate more precisely the expression patterns of Djnlg
in regenerating planarians, we observed histological sec-
tions of Djnlg in situ hybridized specimens. Expression of
Djnlg was not observed in the stump region just after
cutting (Fig. 4A). By 9 h of regeneration, a few Djnlg-
expressing cells had already appeared in the wound area
underneath the muscle layer on both dorsal and ventral
sides (Fig. 4B). By half a day after cutting, accumulation of
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Djnlg-expressing cells was observed in the entire stump
region beneath the epidermis (Figs. 4C and 4D). After 1 day,
Djnlg-expressing cells were observed only in the ventral
subepidermal region of the stump (Figs. 4E and 4G). Two
days after cutting, Djnlg-expressing cells were restricted to
the regenerating brain (Fig. 4F). To examine when Djnlg is
first expressed after amputation, we measured the level of
Djnlg expression by real-time PCR. Transcripts of Djnlg
were detected within 2 h after cutting, which become
gradually accumulated thereafter (Fig. 5). These results
indicate that Djnlg transcription is activated in the wound
area immediately after amputation.
Expression of Djnlg in X-Ray-Irradiated Planarians
Previous grafting experiments using X-ray-irradiated pla-
narians suggested that differentiated cells may provide
positional cues to the neoblast during regeneration (Salo´
and Bagun˜a`, 1984; Kato et al., 2001). To investigate whether
the Djnlg-expressing cells were the neoblasts or some type
of differentiated cells, we performed in situ hybridization
on X-ray-irradiated planarians (Fig. 6A). It is known that
X-ray-irradiated planarians lack neoblasts and therefore
cannot regenerate (Wolff and Dubois, 1948; Bagun˜a` et al.,
1989), presumably because neoblasts or undifferentiated
cells may be more sensitive to X rays than differentiated
cells. In addition, molecular markers for neoblasts and
regenerating cells (DjvlgA, Shibata et al., 1999; and DjF-
GFR1, Ogawa et al., 2002) are not detected in X-ray-
irradiated planarians. In contrast to DjFGFR1, Djnlg-
expressing cells were observed in regenerating planarians 10
days after X-ray irradiation. There was no conspicuous
difference in expression patterns of Djnlg between X-ray-
irradiated- and nonirradiated planarians (Figs. 6B and 6C),
suggesting that Djnlg-expressing cells are not stem cells. To
identify the cell type of Djnlg-expressing cells, we per-
formed immunohistochemical staining with antibodies
against DjSYT and DjMHC-A, markers for neurons and
muscles, respectively. Neither DjSYT- nor DjMHC-A-
immunoreactivities were detected in the Djnlg-expressing
cells (data not shown), indicating that they did not contain
neurons or muscle cells. These results indicate that the
Djnlg-expressing cells are unidentified differentiated cells
not sensitive to X rays.
Expression of Djnlg Induced by Ectopic DV
Interaction
Kato et al. (1999, 2001) demonstrated with grafting ex-
periments that ectopic DV interaction causes blastema
formation and that the differentiated cells may give the DV
positional cues to the neoblast through some secreted
protein. To examine the involvement of Djnlg in this
process, we repeated the above experiments and observed
the expression of Djnlg. When a small piece is grafted in
DV-reversed orientation to the original position, the graft
leads to cup-shaped projections on both the dorsal and
ventral sides of the host (Fig. 7A). In control experiments,
when a small piece is grafted in the original orientation, the
grafts never cause such projections. We performed whole-
mount in situ hybridization on grafted planarians. Interest-
ingly, when a small piece was grafted in a DV-reversed
orientation to the original position, expression of Djnlg was
induced in the DV boundary between the host and the
donor on both dorsal and ventral sides (Fig. 7B). In contrast,
when a small piece was grafted in its original orientation,
no expression of Djnlg was detected (Fig. 7C). To investi-
gate the time course of Djnlg induction after grafting, we
performed whole-mount in situ hybridization (Fig. 7D).
Induction of Djnlg expression was first detected 1 day after
grafting in one of the samples (1/4). These results show that
the expression of Djnlg is specifically induced by ectopic
DV interaction, suggesting that Djnlg is induced by the
interaction between dorsal and ventral tissues, and that
differentiated cells may give DV positional cues, including
the Djnlg signal, to the neoblasts.
Recently, RNA interference (RNAi) has been shown to be
a useful method to investigate gene function in planarians
(Sa´nchez Alvarado and Newmark, 1999). To examine the
function of Djnlg, we applied this technique to regenerating
planarians. Unexpectedly, Djnlg dsRNA-injected animals
could form blastema and regenerate normally, and no
difference was detected when compared with uninjected
animals. Immunostaining with antibodies against DjSYT
and DjIFb revealed that the brain and margin of the body
regenerated normally in all of the dsRNA-injected animals
(data not shown).
DISCUSSION
Djnlg Is a Planarian noggin Homologue
The dorsalizing factors produced by the organizer have
been discovered in several urodele animals. These factors
antagonize BMP signaling by directly binding BMP pro-
teins, thereby preventing receptor activation. One of these
antagonists, Noggin, has been well characterized in several
vertebrates (Thomsen, 1997). Although Xenopus Noggin
can ventralize Drosophila embryos (Holley et al., 1995b), no
noggin homologue has hitherto been isolated from any
invertebrate. Here, we succeeded in the isolation of a
noggin homologue (Djnlg) from planarians as part of our
EST project. DjNLG shows low similarity to other noggins
and has a long intervening sequence in the C-terminal
region (Fig. 1B). However, the positions of nine cysteine
residues, which may be essential for dimer formation, are
conserved in DjNLG. In regenerating planarians, Djnlg is
expressed in the ventral side of the proximal region of the
blastema. In addition, expression of Djnlg is specifically
induced in the border of the ectopic DV boundary generated
by grafting experiments. These results suggest that Djnlg is
the first noggin homologue identified in invertebrates.
However, it is not yet known whether Djnlg protein can
bind DjBMP protein, which has been identified in our
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laboratory (Orii et al., 1998), and antagonize BMP activity.
Biochemical analyses will be needed to clarify these points.
Possible Function of Djnlg
The function of DV interaction during planarian regen-
eration has been well studied by grafting experiments (Kato
et al., 1999, 2001). Combinatory grafting experiments using
X-ray-irradiated planarians, which lack stem cells, clearly
indicated that differentiated cells might give the DV posi-
tional cues to the stem cells via secreted proteins. Here, we
observed strong transient expression of Djnlg in the ventral
cells of the proximal region of the blastema after amputa-
tion. Interestingly, this transient expression of Djnlg was
not abolished by X-ray irradiation, suggesting that Djnlg is
a candidate DV positional cue molecule produced by differ-
entiated cells. DjBMP is another such candidate expressed
in the dorsal midline cells of intact animals, although
FIG. 4. Histological observations of Djnlg expression at an early stage of regeneration. (A–F) Head regeneration from tail pieces. (A) Just
after cutting. (B) Nine hours after cutting. (C) Twelve hours after cutting. (D) Fifteen hours after cutting. (E) One day after cutting. (F) Two
days after cutting. (G) Tail regeneration from a head piece 1 day after cutting. A few Djnlg-expressing cells are indicated in red arrowheads.
Scale bar, 500 m.
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up-regulation of DjBMP has not been observed during the
process of regeneration (Orii et al., 1998). These observa-
tions lead us to speculate that DjNLG is involved in the DV
signaling system during planarian regeneration, stimulating
blastema formation and DV patterning by interacting with
BMP(s), a process that also occurs in vertebrate embryogen-
esis.
To understand the role of Djnlg in planarians, we per-
formed RNAi experiments. Unfortunately, we have not
obtained any clear phenotypes so far. Possibly, the other
noggin-like genes may have compensated the Djnlg()-
phenotype. To clarify the function of Djnlg, we will have to
suppress all of the Djnlg family genes, which is the aim of
our future project.
Induction of Djnlg Expression
Up-regulation of Djnlg expression was rapidly induced
after amputation. What triggers this phenomenon? Our
grafting experiments clearly indicated that ectopic DV
interaction could induce expression of Djnlg in the bound-
ary between the dorsal and ventral sides. DV interaction
may occur during the wound closure, stimulating expres-
FIG. 5. Real-time RT-PCR analysis of Djnlg expression during
regeneration. Each data represents the average degree of induction
of Djnlg expression at a particular time point. At each time point,
the level of Djnlg expression was normalized relative to the level of
DjEF1 expression at the same time. Standard deviation from the
mean is indicated by error bars.
FIG. 6. Expression of Djnlg in X-ray-irradiated planarians. (A) Schematic representation of X-ray irradiation experiments. The
nonirradiated condition is shown on the left. The planarian was cut and fixed 1 day thereafter. The X-ray-irradiated condition is shown on
the right. A planarian was cut 9 days after X-ray irradiation and fixed 1 day thereafter. (B) Expression of Djnlg in a nonirradiated planarian
1 day after cutting. (C) Expression of Djnlg in an X-ray-irradiated planarian. Scale bar, 500 m.
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sion of Djnlg in the region proximal to the wound. We have
no information yet about the molecules stimulating Djnlg
expression. To clarify the mechanism of BMP function in
this induction process, RNAi analysis of DjBMP may pro-
vide useful information.
At early stages of regeneration, Djnlg-expressing positive
cells appeared in the wound area underneath the muscle
layer in both dorsal and ventral sides, which later accumu-
lated in the entire wound area underneath the epidermis. At
later stages, the Djnlg-expressing cells were found only in
the ventral side of the stump underneath the epidermis. We
could not confirm whether the Djnlg-positive cells mi-
grated to the ventral side or became basal cells of ventral
side. It may be important to investigate how distribution of
Djnlg-positive cells is restricted in the ventral side in order
to understand DV patterning during regeneration.
FIG. 7. Expression of Djnlg induced in ectopic DV boundary. (A) Schematic representation of orientation-dependent results of grafting.
(Left) DV-reversed grafting. A white blastema-like region forms between the host and the donor followed by formation of cup-shaped
projections. (Right) Control experiment: The piece is grafted in the original orientation. No projections are formed. (B) Expression of Djnlg
in a DV-reversed graft. Djnlg was induced in the ectopic DV boundary (black arrowheads). (C) Expression of Djnlg in a control graft. Djnlg
was not expressed in the host–donor boundary (white arrowheads). Scale bar, 500 m. (D) Induction of Djnlg in reversed grafts. Values
indicate the sample number and ratio (%) of grafts with Djnlg-expressing cells in the DV boundary. R1 to R5 indicate the days after grafting.
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Signals/Differentiated Cells vs Receptors/Stem
Cells
In previous studies, we have shown that DjFGFR1 is
expressed in the cephalic ganglia and the stem cells in the
mesenchymal space (Ogawa et al., 2002). In X-ray-irradiated
planarians, DjFGFR1-expressing stem cells, which are dis-
tributed in the mesenchymal space, were specifically elimi-
nated, while Djnlg-expressing cells were not affected by
X-ray irradiation. Djnlg-expressing cells are located be-
tween the mesenchymal layer containing stem cells and the
muscle layer. These results support the idea that stem cells
express signal receptors, but signal molecules are produced
by surrounding cells to provide positional cues to the stem
cells. In the planarian regeneration system, cues from
differentiated cells may be essential to instruct stem cells
to regenerate correctly. In this report, we could not deter-
mine the identity of the Djnlg-positive cells. In this con-
nection, Dj-Plox5-positive cells have also been shown to be
X-ray insensitive (Orii et al., 1999). By using a combination
of fluorescence-activated cell sorting (FACS) and the single-
cell PCR method, we will be able to identify the cells
producing signal molecules. It will be important to identify
the cells producing signal molecules in order to better
understand not only the planarian regeneration system but
also general stem cell systems.
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